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Immunohistochemistry of the canine vomeronasal organ
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Abstract

The canine’s olfactory acuity is legendary, but neither its main olfactory system nor its vomeronasal system has been
described in much detail. We used immunohistochemistry on paraffin-embedded sections of male and female adult
dog vomeronasal organ (VNO) to characterize the expression of proteins known to be expressed in the VNO of
several other mammals. Basal cell bodies were more apparent in each section than in rodent VNO and expressed
immunoreactivity to anticytokeratin and antiepidermal growth factor receptor antibodies. The thin layer of
neurone cell bodies in the sensory epithelium and axon fascicles in the lamina propria expressed immunoreactivity
to neurone cell adhesion molecule, neurone-specific beta tubulin and protein gene product 9.5. Some neurones
expressed growth-associated protein 43 (GAP43): and a number of those also expressed neurone-specific beta
tubulin-immunoreactivity. Some axon fascicles were double labelled for those two proteins. The G-protein alpha
subunits G, and G,, involved in the signal transduction pathway, showed immunoreactivity in the sensory cell layer.
Our results demonstrate that the canine vomeronasal organ contains a population of cells that expresses several
neuronal markers. Furthermore, GAP43 immunoreactivity suggests that the sensory epithelium is neurogenic in
adult dogs.
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Introduction

The canine vomeronasal organ (VNO) is bilaterally
symmetric and lies along the ventrorostral aspect of
the nasal septum (Adams & Weikamp, 1984; Salazar
et al. 1984). In several vertebrate taxa, VNO sensory
neurones detect chemical signals that evoke behav-
ioural and/or physiological changes regarding prey
identification, social status and reproductive state
(reviewed in: Halpern, 1987; Wysocki & Meredith, 1987;
Meisami & Bhatnagar, 1998; Liman, 2001; Takami,
2002; Zufall et al. 2002). These sensory neurones are
the receptors of the accessory olfactory system, which
is viewed as distinct from the main olfactory system
because of molecular, anatomical and functional
differences between the two. Although the receptor
molecules expressed by VNO and main olfactory sensory
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neurones contain some significant differences in their
amino acid sequences, there may be some overlap in
the classes of compounds to which the respective
sensory epithelium receptor neurones respond. Specif-
ically, Sam et al. (2001) reported that mouse VNO
neurones recognize several odourants also recognized
by main olfactory sensory neurones. Those authors
suggested that the odourants could act similarly to
pheromones and evoke patterned behaviours (Sam
et al. 2001).

The overlap in odourant recognition suggests an
additional possibility, which is that responses elicited
by activation in the two olfactory pathways may result
in some combinatorial behaviour that is not strictly
stereotypic. In that regard, the VNO may contribute to
the canine’s acuity relative to detection via the two
olfactory pathways. We therefore undertook the study
of the canine VNO and report here observations
derived from an immunohistochemical analysis of the
dog VNO. We used a number of antibodies to compare
the expression of neuronal markers with other species
and to ask if the sensory neurone population is static or
if neurogenesis continues in adult dogs.
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We used several markers to identify neuronal popu-
lations and to provide an estimate of those neurones’
maturation state. Neurone-specific beta tubulin (BT)
(also called Class Il beta tubulin) is expressed by
neurones throughout the rodent nervous system
(Burgoyne et al. 1988) including embryonic rodent,
neonatal and adult olfactory epithelium (OE) neurones
(Lee & Pixley, 1994; Roskams et al. 1998). In particular,
BT is expressed in the rodent VNO (Hofer et al. 2000;
Witt et al. 2002) and in the VNO of lemurs and New
World monkeys (J. C. Dennis, unpublished observa-
tions). Protein gene product 9.5 (PGP9.5) is a ubiquitin
hydrolase first isolated from brain (Jackson & Thompson,
1981; Wilkinson et al. 1989). It is a marker of neurones
and neuroendocrine cells generally (Thompson et al.
1983) and, more particularly, is expressed in rodent
main olfactory epithelium (MOE) (lwanaga et al. 1992;
Taniguchi et al. 1993), rodent VNO sensory epithelium,
and rodent and canine accessory olfactory bulb
(Taniguchi et al. 1993; Johnson et al. 1994; Nakajima
etal. 1998a,b). The Ca®*-independent neural cell
adhesion molecule (NCAM) is expressed by neurones in
all vertebrates so far examined (Edelman & Chuong,
1982; reviewed in Edelman, 1984). NCAM is expressed
in the postnatal rodent OE (Miragall et al. 1988) and
VNO (Yoshihara et al. 1997). Growth-associated
protein 43 (GAP43) is a membrane-associated protein
expressed by neurones undergoing axon extension
and synaptogenesis (reviewed in: Skene, 1989; Gispen
et al. 1992; Oestreicher et al. 1997). In young rodents,
GAP43 is highly expressed by MOE sensory neurones
(Verhaagen et al. 1989, 1990) as well as in adults
following bulbectomy (Schwob et al. 1992; Yamashita
et al. 1998) or chemically induced lesion (Schwob et al.
1995). GAP43 is expressed in embryonic and postnatal
rodent VNO (Giacobini et al. 2000; Zubair et al. 2002)
as well as VNO following transplantation to brain (J.
C. Dennis and E. E. Morrison, unpublished observa-
tions). To compare basal cells with the functionally
homologous horizontal basal cell population in the
MOE, we used antibodies directed against cytoker-
atin (KER) and epidermal growth factor receptor
(EGFR). Finally, we probed the VNO with antibodies
directed against two GTP-binding proteins: GVi2 (G))
and GVo (G,). In rodents and opossums, these two
proteins are expressed differentially in the VNO
sensory epithelium and in the accessory olfactory
bulb (AOB) (Shinohara et al. 1992; Halpern et al. 1995;
Berghard & Buck, 1996; Jia & Halpern, 1996).

Materials and methods

Animals

All procedures for animal experimentation accorded
with NIH animal use guidelines and were approved by
the Institutional Animal Care and Use Committee of
Auburn University College of Veterinary Medicine. The
six animals used in this study were males and females
of hound or beagle pedigree and ranged in body
weight from 16.0 to 27.1 kg. They were euthanized by
members of the faculty of the Small Animal Clinic at
the Auburn University College of Veterinary Medicine,
or by veterinarians associated therewith. Tissues were
removed within an hour of death.

Tissue preparation

The nasal septum was cut in the rostrocaudal axis along
the dorsal aspect of the swell body. The hard palate
was cut on both sides medial to the molars to a point
immediately caudal to the VNO. Transverse incisions
were made every 2-3 cm and the tissue blocks were
fixed by immersion for 3 days at room temperature in
100 mL 4% paraformaldehyde solution made in phos-
phate-buffered saline (PBS) (Sigma) and adjusted to
pH 7.4. The fixative was changed on day 2. Tissue
blocks were washed briefly in three changes of PBS and
decalcified in 0.25 m EDTA (Fisher). Following decalcifi-
cation, larger tissue blocks were cut down to 1-cm
blocks, infiltrated and embedded in paraffin. Sections
from the middle third along the rostrocaudal axis were
cut at 7 um thickness and mounted on glass slides.

Immunohistochemistry

Mounted tissue sections were deparaffinized in Hemo-
D (Scientific Safety Products), hydrated to distilled water
(dH,0) and reacted with 0.9% hydrogen peroxide (H,0,)
in absolute methanol for 20 min at room temperature
(23.5-25 °C) to abolish endogenous peroxidase-like
activity. Some tissue sections were subjected to an anti-
gen retrieval procedure. These sections were placed in
10 mm sodium citrate pH 6.0, heated to boiling and
allowed to boil for 10 min. Tissues to be analysed by
epifluoresence microscopy were transferred from dH,0
directly to PBS and washed as above. All tissues were
incubated for 20 min in the appropriate blocking solu-
tion which was 5% normal serum (Sigma) of the species
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Table 1 Antibodies used in the study

Antigen Type Supplier

Class 11l Beta-tubulin mouse mAb Covance

Cytokeratin rabbit pAb DAKO

EGFR mouse mAb Zymed

GAP43 rabbit pAb Novus Biologicals
Gi2alpha rabbit pAb Wako Chemicals USA
Goalpha rabbit pAb MBL

NCAM goat pAb Santa Cruz Biotech.
PGP9.5 rabbit pAb Chemicon Intl.

in which the secondary antibody was made and 2.5%
BSA (Sigma) in PBS, then washed twice in PBS for 3 min.

The slides were removed to humidified chambers,
primary antibody (Table 1) diluted appropriately in
blocking solution was applied, and the tissue sections
were incubated overnight at room temperature. The
following morning, sections to be analysed with bright-
field optics were treated with biotinylated secondary
antibodies (Vector) diluted 1 : 200. Sections to be ana-
lysed with epifluoresence microscopy received appro-
priate Alexa-conjugated secondaries (Molecular Probes)
diluted at 1:500. Sections treated with biotinylated
secondaries were then incubated with ABC Elite reagent
(Vector) and reacted with either DAB (Vector) or True
Blue (KPL), and mounted with an aqueous mountant
(DAKO) or dehydrated and mounted with VectaMount
(Vector). Some DAB-labelled sections were treated with
the second set of immunoreagents as described above.
ABC alkaline phosphatase (Vector) replaced the ABC
Elite reagent and endogenous alkaline phosphatase
activity was inhibited by adding Levamisole (Vector) to
the Vector Blue reagent buffer. The slides were mounted
with an agueous mountant. All sections double labelled
with fluorochromes received both primary and secondary
antibodies as mixed cocktails. Slides prepared for epifluo-
resence microscopy were mounted with VectaShield
(Vector) and sealed with clear nail polish.

All tissues were examined with a Nikon Optiphot Il
microscope equipped with epifluoroesence. Images
were made with an RT Slider digital camera (Diagnostic
Instruments) using Spot Advanced software and proc-
essed with Photoshop 5.0 (Adobe).

Results

A frontal section through the VNO is shown in Fig. 1
for orientation. As previously described (Adams &
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Fig. 1 The VNO (A) is associated with numerous blood vessels and
glands that are ensheathed by the vomeronasal cartilage (scale
bar = 300 um). The SE (B) contains sensory neurones (arrowhead)
in a layer 1-3 cell bodies thick. The neurones are immediately
apical to basal cells (arrow) that lie on the basement membrane.
Axons fasciculate (Ax) in the lamina propria (scale bar = 50 um).
In (C), the sensory epithelium (arrows) abuts the non-sensory
epithelium at the transitional zone (scale bar = 50 um).

Wiekamp, 1984; Salazar et al. 1984), the VNO and the
lamina propria contains numerous glands and blood
vessels and is largely surrounded by the vomeronasal
cartilage (Fig. 1A). Fascicles of the vomeronasal nerve
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Fig. 2 Heavily labelled BT(+) cells (A) populate the sensory epithelium and punctate BT labelling occurs in the non-sensory
epithelium above the right and left transitional zones. The BT(+) sensory neurone population (B) forms a continuous layer
immediately apical to KER(+) basal cells (arrowhead). In many of our preparations, the dendritic knobs exhibit a swelling artefact
and give the impression of an apical BT(+) cell population (arrow). The non-sensory epithelium (C) contains BT(+) structures but
no BT(+) cells were observed. In the lamina propria (D), glands and ducts are KER(+) and fascicles of the VNN contain BT(+) axon
bundles that vary in signal intensity (scale bar = 50 um in all panels).

(VNN) occur among small blood vessels and glands in
the lamina propria below a relatively thin epithelium
(Fig. 1B,C). The lumen of the VNO is lined by sensory
and non-sensory epithelium, the latter of which lines
roughly one-quarter to one-third of the Iumen
throughout most of the length of the VNO (Fig. 1C).
The sensory epithelium is organized into roughly two
compartments: a basal compartment containing basal
cells and sensory neurones and an apical compartment
containing supporting cells and other apical cells
(Fig. 1B,C). At the apposition of the two epithelial
types, herein called the transitional zone, the sensory
epithelium gives way abruptly to non-sensory epithe-
lium (Fig. 1Q).

To determine if the canine VNO sensory epithelium
expressed neurone-specific molecules, we tested tissue
sections with antibodies to several molecules expressed

by VNO sensory neurones in other mammalian species.
Figure 2 shows several sections treated with anti-BT
antibody. At low magnification (Fig. 2A), heavily
labelled cell bodies and apical extensions demonstrate
the sensory and non-sensory epithelia. At higher mag-
nification, the antibody labels a sensory epithelium cell
population that is 1-3 cell bodies thick in the basal
compartment of the epithelium (Fig. 2B). In some
regions, the dendritic knobs are swollen. The basal
BT(+) cell population lies above cytokeratin-expressing
cells one layer thick (Fig. 2B). BT signal occurs through-
out the non-sensory epithelium in a dispersed punctate
pattern (Fig. 2C). Axon fascicles (Ax) in the lamina pro-
pria are BT(+) but BT(-) axons are also present in some
nerve profiles (Fig. 2D).

NCAM(+) cells are present in the basal compartment
of the sensory epithelium and NCAM(+) axon fascicles
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Fig. 3 Anti-NCAM (A,B) labels many neurones (arrowheads) in
the sensory epithelium and VNN fascicles in the underlying
lamina propria. The NSE above the transitional zone (B) and
glandular ducts interrupting the sensory epithelium (A) are
NCAM(-) (scale bars = 50 um).

are present in the lamina propria (Fig. 3). The antibody
we used here labels some neurones intensely and other
neurones just above background or not at all. Fascicles
of the VNN vary in signal intensity (Fig. 3A). In some
sections, the sensory epithelium is interrupted by
glands that are NCAM(-) (Fig. 3A). Cellular labelling
by anti-NCAM stops abruptly at the transitional zone
between the sensory and non-sensory epithelial com-
partments (Fig. 3B). Double labelling with BT and PGP
antibodies shows that at least some neurones express
immunoreactivity to both markers as well as some
dendrites and axon fascicles in the lamina propria
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Fig. 4 A layer of 1-3 PGP(+) cells occupies the basal
compartment of the sensory epithelium. A section double-
labelled with BT in red (Alexa 594) and PGP in green (Alexa
488) reveals that the sensory neurones do not label
consistently with each antibody. Cell somata that are clearly
BT(+)/PGP(+) are yellow in colour (small arrowhead). Some
dendrites and axon bundles contain both labels. Many nuclei
are PGP(+) (small arrowhead) but some nuclei are PGP(-). At
the TZ, small structures in the NSE are BT(+) and/or PGP(+)
(scale bar = 50 um).

(Fig. 4). In some tissue preparations, anti-PGP labels
nuclei differentially: some nuclei are heavily labelled
while others are labelled just above background or not
at all (Fig. 4).

Clusters of sensory cells are GAP43(+) (Fig. 5A). A
minority of axons in AOB fascicles are GAP43(+)
(Fig. 5B,C). In preparations double labelled with BT
and GAP43, a few cells are BT(+)/GAP43(+). Small axon
bundles in the lamina propria contain a small number
of double labelled axons while some nerve bundles
contain only BT(+) axons (Fig. 5C).

The VNO sensory epithelium shows immunoreactiv-
ity to antibodies directed against the G-protein alpha
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subunits of G; and G,. Anti-G; immunoreactivity is
present in the basal compartment of the sensory epi-
thelium as well as in the dendritic knobs (Fig. 6A). Small
axon bundles in the lamina propria are G;(+). The signal
terminates abruptly at the transition zone (TZ) (Fig. 6B)
between the sensory and non-sensory epithelial
compartments although some signal above background
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Fig. 5 Anti-GAP43 labels clusters (A) of cell somata in the
sensory epithelium (arrowheads) and VNN fascicles in the
lamina propria (B). A minority of axon fascicles in the VNN
nerve bundles are GAP43(+) in (B). In a preparation (C) labelled
with both BT in red (Alex 594) and GAP43 in green (Alexa 488),
some neurones are BT(+)/GAP43(+) (small arrowhead) and
some neurones are BT(+)/GAP43(-) (large arrowhead). Some
axon bundles contain both BT(+) and GAP43(+) fibres (scale
bars = 50 um).

is present in the apical-most regions of patches of non-
sensory epithelium cells.

Anti-G, immunoreactivity is also expressed in the
sensory epithelium (Fig. 7). Using DAB, the antibody
labelled cells weakly but above background after
standard tissue preparation (not shown). After an anti-
gen retrieval procedure, the signal was identical to,
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Fig. 6 Cell somata (A) in the basal compartment and apical
dendrites are G;(+). The G;(+) SE cell population (B) terminates
abruptly at the TZ but signal above background is present in
the apical extensions of some cells in the NSE (scale

bars = 50 um).

although much stronger than, the labelling pattern
obtained in those tissues that did not undergo the anti-
gen retrieval step. The label is segregated to the sen-
sory epithelial basal compartment but clearly labelled
dendrites are present (Fig. 7A,B). As with the anti-G;
signal, anti-G, immunoreactivity stops abruptly at the
transitional zone (Fig. 7B).

To determine if EGFR is present in dog VNO, we
applied anti-EGFR antibody to some sections. Immuno-
reactivity to the antibody is expressed around the
periphery of the VNO epithelium (Fig. 8). A strongly
EGFR(+) cell layer underlies the sensory and non-
sensory epithelial compartments that appears to be
the cytokeratin-expressing basal cell population (Fig.
8B). In our preparations, the antibody labels the cell
somata heavily but the signal is at background level
throughout the apical thickness of the sensory epithe-
lium. The non-sensory epithelium contains greater
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Fig. 7 Basal compartment cells of the sensory epithelium (A)
express immunoreactivity to anti-G,. The G,(+) cells lie
immediately above the basal cell layer and some dendrites are
clearly labelled with the antibody (arrowheads). The G, label
is confined to the SE (B) and is absent in the NSE above the TZ
(scale bars = 50 um).

apical signal than that evident in the sensory epithelium
(Fig. 8A).

Discussion

Our results show that the canine VNO expresses immu-
noreactivity to several antibodies directed against proteins
expressed in the VNO of several vertebrate species. We
observed immunoreactivity to four neurone-specific
antibodies: BT, PGP, NCAM and GAP43. These immuno-
histochemical observations confirm the neuronal iden-
tity of the sensory epithelium cells previously identified
as such by morphological and histological criteria. These
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Fig. 8 Basal cells in both the SE and the NSE are EGFR(+). The
EGFR(+) cells form a continuous layer (A) around the periphery
of the VNO. The SE basal cell somata (B) label heavily with the
antibody (arrowheads) while the signal is at background level
throughout the epithelium apical to the basal cell bodies
(scale bars = 50 um).

neurones also express immunoreactivity to antibodies
raised against two G protein alpha subunits, GV, and
GV, known to mediate signal transduction in rodents
and opossums. We also show immunoreactivity of
sensory and non-sensory basal cells to antibodies raised
against KER and EGFR.

In any particular section, basal cell bodies are KER(+)/
EGFR(+) and they are more numerous in the dog than
in sections of rodent VNO. These proteins are coex-
pressed by horizontal basal cells in rat MOE (Holbrook
et al. 1995; Rama Krishna et al. 1996) and each is
expressed in rat VNO (J. C. Dennis, personal observa-
tion). That the cells express EGFR immunoreactivity
does not mean that the polypeptide is present. How-
ever, three observations support the supposition that
canine VNO basal cells are EGFR(+): first, the basal cells

are the only EGFR(+) cell population; second, the signal
pattern is consistent with a membrane-bound antigen;
and, third, EGFR immunoreactivity is expressed in horse
VNO (Garcia-Suarez et al. 1997). Expression of these
two molecules by the basal cells indicates homology
between these and the basal cells of the MOE. It further
suggests similarities in growth regulation mechanisms.

It appears that most sensory neurones are BT(+)/
PGP(+) although the intensity of signal varied between
preparations from different individuals. We cannot
assert, however, that most or all sensory neurones
express both proteins. Rat VNO sections run in parallel
with dog sections showed that, in our hands, not all rat
sensory neurones are BT(+)/PGP(+); rather, double
labelled sections showed a mosaic of cells positive for
one or the other antigen but, in many cases, not both.
In that regard, not all VN profiles labelled uniformly
with BT suggesting that not all sensory neurones
express BT or that BT is not expressed in the axons of all
sensory neurones. This apparent mosaic expression pat-
tern may mean that BT is expressed by younger sensory
cells but not by mature neurones and that dog VNO
sensory neurone development, with regard to BT
expression, follows the MOE pattern (Lee & Pixley,
1994). Whether or not antibodies to BT and PGP are
reliable markers of all dog VNO sensory neurones is yet
to be determined.

Immunoreactivity to GAP43 and NCAM indicates that
the canine VNO remains neurogenic because these pro-
teins are expressed by neurones that are extending
axons. The specificity of the GAP43 antibody is sug-
gested by the signal pattern in both the epithelium and
the fascicles of the VNN. In both structures, a minority
of cells and axon fascicles are GAP43(+). Some but not
all GAP43(+) neurones were also BT(+). Whether or not
the GAP43(+)/BT(-) cells reflect a developmentally reg-
ulated difference in gene expression or whether the
expression pattern is an artefact of differences in signal
intensity cannot yet be determined.

The sensory epithelium showed both G, and G;
immunoreactivity in the sensory cell population. Immu-
noreactivity to either antibody terminated abruptly at
the sensory epithelium (SE)/non-sensory epithelium (NSE)
boundary. Some patchy anti-G; signal was observed in
the NSE of some sections but, in all cases, that signal was
just above background. To date, our efforts at double
labelling cells with these two antibodies have rendered
equivocal results and therefore we cannot assert that
the antibodies label the same cells or different SE cells.
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We know of no published reports of G-protein
immunoreactivity in the canine VNO but Takigami
et al. (2000) reported that goat VNO, VN and the
nerve layer of the AOB were G;(+)/G,(-). The histology
of the canine VNO and AOB is more similar to that of
goats (Takigami et al. 2000) as well as sheep (Cohen-
Tannoudji et al. 1989), swine (Dorries et al. 1997), and
ferrets (Weiler et al. 1999) than it is to that of rodents, in
that the SE is thin and the AOB is small relative to the
mass of the main olfactory bulb (Adams & Wiekamp,
1984; Salazar et al. 1984, 1992, 1994; Nakajima et al.
1998a,b). One might hypothesize therefore that the
VNO sensory epithelia of those species express a similar
G-protein pattern and that G, would not be expressed
in dogs. But one could also hypothesize that both G;
and G, are expressed in dogs given the phylogenetic
distance between dogs and goats. Indeed, we used
antibodies from the same commercial sources as were
used by Takigami and co-workers. It should be noted,
however, that the dog tissue was refractory to the anti-
G, antibody in that the DAB labelling was present but
faint. To obtain the DAB signal shown in Fig. 7, we
boiled sections in citrate buffer before applying the
primary antibody. Antigen retrieval is a routine immu-
nohistochemical technique but the possibility remains
that we amplified signal from a cross-reaction with a
non-specific epitope. At this stage in our investigation
of the canine VNO, we can make no meaningful com-
parisons of our G-protein labelling with that reported
in goat VNO and AOB.

In summary, we show here that the canine VNO
expresses several neuronal markers. These markers
both confirm the neuronal nature of the labelled cells
in the SE and suggest that neurogenesis is continuous.
These observations cannot address the issue of func-
tion in the canine VNO. The VNO in ferrets (Weiler
et al. 1999; Kelliher et al. 2001), swine (Dorries et al.
1997) and sheep (Cohen-Tannoudji etal. 1989) is
apparently not involved in some of the functions per-
formed by rodent VNO. We therefore need to deter-
mine whether functions inherent to the rodent VNO
are, in dogs, performed by the main olfactory system as
seems to be the case in the above mentioned species or
whether the canine VNO, compared with the rodent
VNO, has different functions, more limited functions,
or any function at all. These possibilities bear on the
evolution of the accessory olfactory system and its rela-
tionship to the natural history of the particular species
under investigation.
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